Background: Barley is an important crop used widely in Europe for food production, feed and malting. Unfortunately it is often colonised by fungi from the Fusarium genus. Fusarium culmorum is a global pathogen causing root rot and crown rot in smallgrain cereals, resulting in a reduction in yield and grain quality. F. culmorum produces the highly toxic chemicals trichothecenes. Experimental Procedures: Chemotypes and mating-type idiomorphs (MAT) were identified using Polymerase Chain Reactions (PCR) and genetic diversity was determined using Sequence-related Amplified Polymorphism (SRAP) and Random Amplified Polymorphic DNA (RAPD). Physiological features such as mycelium growth rate were also evaluated. Results: As many as 94% of isolates was classified as a 3ADON producing and only two isolates displayed NIV chemotype. The average growth rate at 15ºC and 25ºC equalled 5.32 mm/day and 13.5 mm/day, respectively. The MAT idiomorph amplification revealed that 60% of isolates possessed MAT1-2 idiomorph. Among 32 obtained SRAP and RAPD markers, eight were associated with mycelium growth rate. Conclusions: It was shown first time that F. culmorum isolates with MAT1-2 idiomorph in the genome grew slower than these with MAT1-1. High level of genetic variability was determined based on amplification of SRAP and RAPD markers. © Versita Sp. z o.o.
Introduction
The Fusarium genus includes the most important worldwide cereal fungal pathogens. Fusarium culmorum (W. G. Smith) Sacc. is a widespread and destructive pathogen causing brown root and foot rot in wheat, barley and rye [1, 2] . The disease causes very high yield losses worldwide [3] Fusarium root rot affects the root and crown functions, resulting in a loss of stand, reduced yield and lower grain quality. The severity of the disease is affected by environmental factors, such as temperature and humidity, and by some agricultural practices. Infection by the pathogen induces a reaction within the host that includes systemic signalling and expression of defenceassociated genes [4] . Control of Fusarium culmorum is currently only partially effective [5] .
Fusarium culmorum is a toxigenic fungus producing the type B trichothecenes, deoxynivalenol (DON) and nivalenol (NIV). Trichothecene biosynthesis is a complex process, controlled by several Tri genes [1] . Trichothecenes are involved in virulence; disruption of the trichodiene synthase gene reduces virulence [6, 7] . It was recently that the translocation of DON from the stem base to the head following infection by F. culmorum forms an additional route for the contamination of cereal-derived food by the mycotoxin [8, 9] . The DON chemotypes of F. culmorum have been detected in the Netherlands and Italy [10, 11] , Germany [12] , France [13] , the UK [1] , Finland and Russia [14] . Originally Fusarium chemotypes were determined using gas chromatography/mass spectroscopy (GC/MS), but now polymerase chain reaction (PCR) is used for chemotyping [1] . Detection of genes within the Tri cluster in the genome is useful for distinguishing between isolates that are able to synthesize specific types of trichothecenes [15, 16] . For example, the genes Tri13 and Tri7 involved in the trichothecene biosynthetic pathway are responsible for conversion of DON to NIV and acetylation of NIV to 4-ANIV, respectively. The Tri7 open reading frame (ORF) is intact in NIV chemotypes, whereas it is defective in DON chemotypes [15] . DONproducing isolates can be subdivided further into 3-acetyl DON (3ADON) and 15-acetyl DON (15ADON) based on analysis of the Tri3 gene [1] . Knowledge of the chemotype prevalence in particular country is essential for the agricultural industry when developing new barley cultivars that are resistant to F. culmorum and therefore free from mycotoxins.
No teleomorph of F. culmorum is known thus far, however evidence for recombination has been found in field populations, and it is likely that a sexual state can exist [17] . In heterothallic species, the mating type is controlled by a single locus with two idiomorphic alleles, designated MAT1-1 and MAT1-2 [18] . Assessing any potential of mating is crucial for all successful control strategies; this differs for clonally and sexually reproducing organisms [19] .
F. culmorum originated from wheat and rye. It represents a significant problem in plant breeding because it is extremely genetically diverse and therefore adapts easily to different environments. It is clear that current agricultural systems impose strong directional selection on pathogen populations. Thus, understanding population genetics is essential to know how populations can evolve in response to different control strategies and agricultural treatment. High intraspecific variation (47.7%) within a global collection of F. culmorum was found [20] . There is a need to evaluate the extent of DNA polymorphism and clarify any correlations with physiological traits. Moreover, genetic variability of F. culmorum derived from barley is relatively poor.
To assess the amount and distribution of genetic variation within fungal populations many molecular tools can be applied. Randomly amplified polymorphic DNA (RAPD) method is very effective in detection of DNA polymorphisms among cereal pathogens [21] [22] [23] [24] [25] [26] . Sequence-related amplified polymorphism (SRAP) is newly developed method useful to study the genetic relationship within a species [27] . SRAP preferentially amplifies open reading frames (ORFs), so targets coding sequences in the genome. SRAP markers have been used in studies on plants [27, 28] but are almost never used to study fungal diversity [22, 29] .
The principal aims of this study were to reveal the chemotypes and MAT idiomorphs of F. culmorum and to evaluate any relationship between mycelium growth rate and mating-types. Genetic fingerprinting was used to differentiate isolates and find molecular markers associated with mycelium growth.
Experimental Procedures

Fungal isolates and culture maintenance
Thirty-five single-spore isolates of F. culmorum (Fc 01 to Fc 35) derived from the stem bases and roots of barley plants originating from different Polish provinces were used in the experiment. Isolates Fc 01 -Fc 13 originated from several barley fields localized in the North of Poland, Fc 14 -Fc 24 in the West of Poland and Fc 25 -Fc 35 in the South-Eastern province. Small parts of the roots and stems exhibiting disease symptoms were surfacedisinfected for 1 min. in 1% sodium hypochlorite and transferred into Petri dishes containing potato dextrose agar medium (PDA -Merck KGaA, Darmstadt, Germany). After 5 days the cultures were placed onto new Petri dishes containing PDA medium. Different isolates were identified on the basis of their morphology [30, 31] and by PCR with species-specific PCR according to protocol described by Schilling et al. [32] .
Linear growth rate estimation
Linear mycelium growth of the pathogen was assessed using potato dextrose agar (PDA -Merck KGaA, Darmstadt, Germany) plates at 25°C and 15°C. Mycelial plugs (5 mm in diameter) were cut out from 5 day old PDA cultures and transferred to the centre of new PDA plates. Four plates per isolate were incubated at each temperature. The diameter of the cultures were measured twice, once after two days and secondly after four days of incubation in the darkness. Linear mycelial growth per day was then calculated.
DNA preparations
Mycelia from 9-day-old single spore cultures of F. culmorum grown in liquid medium (5 g L -1 of glucose, 1 g L -1 of yeast extract), were isolated by vacuum filtration with a Büchner funnel. DNA was extracted and purified using a DNeasy Mini Kit (QIAGEN Inc., Hilden, Germany) according to the manufacturer's instructions. [1] .
Molecular evaluation of DON and NIV chemotypes
PCR was carried out using BIO-RAD C1000 Touch Thermal Cycler with a Taq PCR Core Kit (QIAGEN, Inc., Hilden, Germany). The reaction mixture contained 10 ng of fungal DNA, 200 µM of each dNTP, 1 µM of each primer and 1 U of Taq DNA polymerase in 1× reaction buffer with 1.5 mM magnesium chloride. Amplification was carried out using the following program: an initial denaturation for 3 min at 94°C, followed by 35 cycles of denaturation at 94°C for 40 sec, primer annealing at 60°C for 1 min and extension at 72°C for 2 min. The amplification was ended with an additional extension at 72°C for 5 min.
Mating idiomorph estimation
To determine the mating type of F. culmorum isolates, conserved portions of the ALPHA or HMG box of the MAT1-1 and MAT1-2 idiomorph were amplified using degenerate oligonucleotide primer pairs [33] . The PCRs were carried out using a Taq PCR Core Kit (QIAGEN, Inc., Hilden, Germany) as described earlier [2] .
Genetic fingerprinting of F. culmorum isolates
The SRAP-PCR and RAPD-PCR reactions were carried out using a Taq PCR Core Kit (QIAGEN, Inc., Hilden, Germany). The reaction mixture contained 10 ng of fungal DNA, 200 µM of each dNTP, 1 µM primer and 0.5 U of Taq DNA polymerase in 1× reaction buffer with 3 mM magnesium chloride. Thirty five random RAPD primers: OPC 01-20, OPJ 01-15 (Qiagen Operon, Cologne, Germany) and 3 SRAP primer pairs (mewemw: CC-CC, AT-CT, GA-TC) were used to screen the isolates for polymorphism. Amplification was carried out as described earlier [21, 27] . PCR was repeated twice to confirm reproducibility.
The electrophoresis conditions
The PCR products were separated by electrophoresis in 1.5% agarose gels with 1× TBE buffer (89 mM Trisborate and 2 mM EDTA, pH 8.0) and visualised under UV light following ethidium bromide staining. A Gene Ruler TM 100 bp DNA Ladder Plus (Fermentas GMBH, St. Leon-Rot, Germany) was used as a molecular size standard for PCR products.
Statistical analysis
Firstly, the distribution of the mycelium growth rate was tested using Shapiro-Wilk's normality test [34] . The effects of the main factors studied (isolates and temperatures), as well as interaction between them, were estimated with the GenStat v. 7.1 statistical package [35] , using a linear model for the two-way analysis of variance (ANOVA) for the variability of mycelium growth rate. Additionally, we used ANOVA to determinate the effects of temperatures, mating types and temperature × mating type interaction on the mycelium growth rate. Homogeneous groups for the analyzed trait were determined on the basis of least significant differences (LSDs). The relationship between temperatures for mycelium growth rate was calculated using Pearson's correlation coefficient and presented in the form a scatterplot [36] . Additionally, the relationship between mating types and mycelium growth rate at both temperatures was estimated on the basis of correlation analysis.
The coefficients of genetic similarity of the investigated isolates were calculated using the formula given by Nei and Li [37] . The coefficients were used to group isolates hierarchically according to the unweighted pair group method of arithmetic means (UPGMA). The association between molecular markers, mating type alleles and mycelium linear growth rate of isolates were estimated using analysis of regression [38] . The marker observations were tested as independent variables and considered in individual models. The critical significance level equal to 0.05 was used.
Results
Chemotype assessment
The assay using the Tri-7 and MinusTri-7 primer pairs identified the chemotypes of all isolates examined ( Figure 1 ). The specific PCR product (436 bp) for the NIV chemotype was amplified from just two isolates (Fc 19 and Fc 26). For all remaining isolates, the PCR product (482 bp) specific for the DON chemotype was amplified.
PCR products were successfully amplified for all the F. culmorum DON isolates ( Figure 2 ) using the Tri303F/R primer pair, however no products were amplified using the Tri315F/R primers. The lack of any PCR product using primer pairs Tri303F/R and Tri315F/R from isolates Fc 19 and Fc 26 confirmed the NIV chemotype.
Estimation of relationship between mycelium growth and mating type
Analysis of variance indicated that the main effects of isolates and temperatures as well as any isolate temperature interaction were significant for mycelium growth rate (Table 1 ). Significant differences between mycelium growths rates at both temperatures tested were observed (Figure 3 ). Analysis of the linear growth rate on PDA of all 35 isolates allowed their distinction into nine homogenous groups ( The correlation coefficient for linear growth rate at 25ºC and 15ºC was equal 0.9156 (P<0.00001) ( Figure 4) . In all the F. culmorum isolates DNA sequences encoding MAT1-1 or MAT1-2 genes were detected. Fourteen isolates, for which a 200 bp fragment was amplified with ALPHA primers, were designated MAT1-1. The remaining 21 isolates, for which a 260 bp PCR product was amplified with HMG primer pairs, were designated MAT1-2. The relationship between the MAT idiomorphs and the mycelium growth rate were statistically significant ( Table 3 ). We found that isolates possessed MAT1-1 idiomorph grew faster than these with MAT1-2. There was no effect on any interaction between temperature and mating types upon the mycelium growth rate (analysis of variance F1,1=1.78; P=0.184). The relationship between mating type and mycelium growth rate were significant at both temperatures. The correlation coefficients between mating type and mycelium growth rate were r=0.7429 (P<0.001) and r=0.7307 (P<0.001) at 15ºC and 25ºC, respectively.
Genetic variability determination
Genetic variation among F. culmorum isolates was assessed using SRAP and RAPD analyses. 32 polymorphic DNA fragments were obtained in total, ranging from 2 (OPC-05, OPC-06, OPC-09, OPJ-14) to 5 (OPJ-05 and mew-CC/emw-CC) fragments per primer. The size of PCR products ranged from 0.15 to 3.0 kb. The highest genetic similarity (1) in screened genome regions was identified between the isolates Fc 30 and Fc 19 (Figure 4 ), whereas the lowest genetic similarity (equal 0.21) was identified between Fc 16 and Fc 13 (Supplement, Table S1 ). The average value of genetic similarity was 0.56. The SRAP and RAPD data were used to assess the relationship among isolates ( Figure 5) . A significant association between six polymorphic markers (three RAPD and three SRAP) at 25ºC and eight polymorphic markers (seven RAPD and one SRAP) at 15ºC and the mycelium growth rate was found ( Table 3 ). The percentage variation of mycelium growth rate for the different markers ranged from 9.1% for OPC-06b to 14.8% for OPC-09b (Table 3 ).
Discussion
In this study the variability of F. culmorum isolates derived from barley was explored. F. culmorum isolates were traditionally divided into NIV and DON chemotypes,
Isolate
Mating type idiomorph although even within one chemotype the level of toxin production may vary greatly [10] . More recently, F. culmorum isolates have been divided into NIV and 3ADON chemotypes, and the 15ADON chemotype is missing [14, 15] . In this study 94% of F. culmorum isolates were classified as a 3ADON chemotype based on Tri genes amplifications. Only 6% of isolates were classified as NIV chemotypes. All DON-producing isolates of F. culmorum have mutations in the Tri-7 gene that have been shown to be conserved across the species [15] . It is known that for F. culmorum isolates displaying the DON chemotype, production of this toxin influences the aggressiveness of the isolates towards barley seedlings [7] . Our results concur with epidemiological studies Table 3 . SRAP and RAPD markers, and MAT idiomorphs associated with mycelium growth rate of Fusarium culmorum isolates. which indicate 3ADON as the major trichothecene in Europe [14, 39] . The increase in the occurrence of the 3ADON chemotype in cereal production areas may be hazardous for plant and human health. Part of this study focused on an assessment of polygenic, physiological traits such as mycelium growth. Mycelia of 35 F. culmorum isolates grew faster at 25ºC than at 15ºC and significant differences in growth rate between particular isolates were found. The average growth rate at 15ºC and 25ºC was 5.32 mm/day and 13.5 mm/day, respectively. Similar growth rates (5.6 mm/day at 15°C and 12.8 mm/day at 25°C) were reported by Hudec and Muchova [40] . Hope et al. [41] showed that growth as well as DON production was optimised at 25ºC. In this study isolates displaying the fastest growth at the higher temperature have also shown a faster growth at the lower temperature. This contrasts slightly with the suggestion of Brennan et al. [42] that in European scale, the temperature ecotypes of F. culmorum exist.
Molecular analysis revealed the MAT idiomorphs in the F. culmorum genome. Our results showed that 40% of examined isolates possess the MAT1-1 idiomorph and 60% possessed the MAT1-2 idiomorph. In other studies a 1:2 ratio of mating types were described for F. oxysporum [21, 43] and F. verticilioides [44] . It is tempting to suggest that MAT1-2 can be a predominant mating type also among Polish isolates of F. culmorum, although a larger population of fungus should be analyzed before final conclusion. Predominance of one mating type can cause limitation or lack of sexual reproduction within population. The statistically significant association between the MAT idiomorph and mycelium growth rate of F. culmorum is an extremely important conclusion from our study and to the authors' knowledge, there have been no previous reports on such an association to date. We found that isolates possessed MAT1-1 idiomorph grew significantly faster than those with MAT1-2 idiomorph. Among isolates with MAT1-2 allele only Fc 04 and Fc 05 grew rather fast. It will be interesting to assess whether faster growing isolates are more effective in infection of barley roots.
The genetic variability of F. culmorum has been previously estimated by different molecular methods [3, 20] , however the majority of these studies have focused on F. culmorum isolates originating from wheat and causing head blight (FHB). In this study SRAP and RAPD analyses were used to determine the intraspecies variation. To date, SRAPs have been used in very few studies of fungal genomes, and, to our knowledge, have never been used in Fusarium genome studies. Our results indicate that there is a high level of genetic variation among the isolates examined. Cluster analysis using UPGMA was undertaken; this has been previously used to investigate pathogens infecting cereals [21] [22] [23] [24] . Six groups resolved at 67% similarity level were represented on the dendrogram. All of them are subdivided to smaller subgroups. Similarly high variability of F. culmorum originated from UK was revealed after RFLP analysis [45] and RAPD analysis of F. culmorum isolates from Tunisia also revealed high variation within population [46] . Conversely, de Nijs et al. [47] found rather little variation among 17 isolates of F. culmorum using RAPD fingerprinting that originated from the Netherlands.
Application of molecular techniques to intraspecies variability studies makes it possible to find markers associated with various morphological or physiological traits [21] [22] [23] [24] 48] . In our study, four molecular markers (OPC-09b, OPC-08, OPJ-05 and GA-TCb) were found to be associated with growth rate at both temperatures tested.
In conclusion: (1) F. culmorum isolates with the MAT1-2 idiomorph grew significantly slower than these with MAT1-1 idiomorph. It will be interesting to further elucidate the molecular and physiological background of this phenomenon, (2) the ability of F. culmorum isolates from Poland to biosyntheses mostly 3ADON may help forecasting schemes for mycotoxin contamination, (3) an information about high genetic variation of the pathogen has important implications for plant protection strategies, (4) further work focused on population genetics is required to verify the hypothesis that there is an unequal distribution of MAT idiomorphs in the F. culmorum population. 
